We succeeded in fabricating light-emitting amorphous oxide (LEAO) thin films by doping Eu 3+ ions to amorphous InMgO deposited at room temperature using (In,Eu) 2 MgO 4 polycrystalline targets by pulsed laser deposition. Clearly visible photoluminescence (PL) with a peak at 615 nm was observed at room temperature by 270 nm light excitation even without postdeposition thermal annealing. The unusual variation of PL intensity with Eu concentration is understood in terms of nonradiative Auger recombination via conduction carriers. The PL intensity also exhibited maximums with respect to oxygen pressure during deposition (PO 2 ) and annealing temperature (T a ), which are explained by recombination centers generated by oxygen deficiency-related defects at low PO 2 , by excess/weakly-bonded oxygen at high PO 2 , and by hydrogen depletion at high T a . Since the LEAO films can be obtained even by room-temperature deposition, it is expected to have flexible optoelectronic applications using plastic substrates.
Introduction
To date, a variety of light sources, such as incandescent lamps, fluorescence tubes, inorganic light-emitting diodes (ILEDs) 1) and organic LEDs (OLEDs), 2) have been developed. In particular, ILEDs and OLEDs have attracted much attention in these decades due to their applications for flat panel displays (FPD) and illumination; the former is used mainly for illumination and backlight in FPDs, while the latter is used for self-emitting pixels in FPDs.
3) However, both of them still have several issues. For examples, although OLEDs can be fabricated on plastic substrates owing to the good affinity to a low-temperature process of organic materials, they have chemical instability in an ambient environment and short life-time, whose issues originate largely from the intrinsic nature of organic materials. OLEDs also have another issue of the difficulty in mass production of devices on a large-size substrate because it is difficult to use photolithography for organic-base multilayer devices. Also for GaN-based ILEDs, it is difficult to apply them to large-size displays as well because they require a single-crystalline substrate and a high-temperature process due to their inorganic material nature.
Thus, we consider that the above issues would be overcome if we develop new inorganic light-emitting semiconductor thin films grown at low temperatures, and here propose thin film phosphors based on amorphous oxide semiconductors (AOSs) because AOSs have advantageous properties such as high transparency, low process temperatures (<300°C), good uniformity, and low defect density.
4)7)
In this study, we succeeded in fabricating inorganic lightemitting thin films by combining an AOS, InMgO, as a host material with Eu as an activated ion (a-IMO:Eu).
Experimental procedures
All thin films were fabricated by pulsed laser deposition (PLD) using a KrF excimer laser (wavelength: 248 nm) in an O 2 gas flow at room temperature on silica glass substrates. In 2¹x Eu xMgO 4 polycrystalline ceramic targets were prepared from mixed powders of In 2 O 3 (purity, 99.999%), Eu 2 O 3 (purity, 99.99%) and MgO (purity, 99.99%), which were sintered at 1500°C for 5 h in air. Basic deposition parameters were laser power of 3 J/cm 2 and target-substrate (TS) distance of 40 mm. Oxygen pressure (PO 2 ) was varied from 0 to 7 Pa. Post-fabrication thermal annealing of the films were performed at 100700°C in O 2 .
Film structures and thickness' were characterized and determined by high-resolution X-ray diffraction (HR-XRD) and grazing-incidence X-ray reflectivity (GIXRR), respectively. Optical absorption and photoluminescence/excitation (PL/PLE) spectra were measured at room temperature with a conventional spectrophotometer and fluorescence spectrophotometer, respectively. PL spectra were normalized by film thickness to compare PL intensity for different films. Optical band gap values were estimated by Tauc' plots because all the films were confirmed to be amorphous as will be discussed later on. Electrical properties were measured by Hall effect with the van der Pauw configuration. Desorption of constituent elements was measured by thermal desorption spectroscopy (TDS). All characterizations, except TDS, were conducted at room temperature.
Results and discussion
To optimize the Eu concentration, we first prepared various a-IMO:Eu films with different Eu concentrations using In 2¹x -Eu x MgO 4 targets with x = 00.5 (PO 2 was fixed at 1 Pa). Figure 1 (a) shows the XRD patterns of the a-IMO:Eu films deposited using the different x, showing that all the films were amorphous regardless of the different x at least up to 0.5. Red PL by 270 nm light excitation was observed from these films without a post-annealing process. PL intensity took a maximum for x = 0.3 [ Fig. 1(b) ]. This result is a striking contrast from conventional Eu-doped or D-A pair type thin film phosphors, 8)10) which require high process temperatures 500800°C. Figure 2 shows PL and PLE spectra of as-deposited a-IMO:Eu films deposited using the In 2¹x Eu x MgO 4 target with x = 0.3. Clear line emissions assigned to the electric dipole transition. On the other hand, PLE spectra of the 615 nm emission exhibited a broad band centered at 270 nm, which is known to be a charge-transfer process.
11),12)
We also investigated optical properties and PL characteristic with different target Eu compositions x. Figure 3 hv plots (Tauc' plots) and the variation of the optical gap values extracted from the Tauc' plots (inset). Optical gap was increased from 2.95 to 3.67 eV with increase in x up to 0.5, indicating all the films are transparent. This result would be attributed to the decrease in the conduction band (CB) dispersion because CB is made mainly by In 5s orbitals but their average separation is enlarged by incorporation of more Eu cations instead of In. 13) On the other hand, PL intensity takes maximum when the x reaches 0.3 as seen in Fig. 1(b) . However, the relationship between the PL intensity and x in Fig. 3 (b) exhibited an unusual behavior; i.e., PL intensity was very weak at x¯0.1 while sharply enhanced at x = 0.3, and then quickly reduced at x = 0.5. In general for bulk powder phosphors, PL intensity first increases linearly with the emission center concentration and then turns to decrease when the emission center concentration becomes so high to cause the concentration quenching. As the PL intensity is not proportional to the Eu concentration, the origin of the very weak PL at x¯0.1 would be due to Auger recombination by the high-density free carriers (the carrier densities (N e ) measured by Hall effect were high >10 16 cm ¹3 in this region), which results in non-radiative recombination process through e.g. energy-back transfer. The intense PL at x = 0.3 was attained when N e became satisfactory low, 10 14 cm
¹3
. Here, we could not obtain definite Hall voltages probably because of too high resistivity/low mobility of the sample. However, the maximum possible N e for the x = 0.5 sample can be estimated by assuming Hall mobility [0.5 cm 2 V ¹1 s
¹1
, extrapolated from the other data in Fig. 3(b) ] and the measurement limit of our apparatus (10 8 ³ cm), which suggests the maximum possible N e is ³10 11 cm ¹3 . In our recent paper, 14) we observed a similar effect that PL intensity increased with decreasing the free carrier density. In that case, the Eu concentration was fixed at the target chemical composition of (In 0.7 Eu 0.3 )GaZnO 4 , and the N e was varied by changing PO 2 . Thus, the effect of the Eu concentration can be excluded, and we concluded that the Auger recombination effect should be the major origin of the weak PL for the low PO 2 films. We consider it is also applicable to this case.
Next, the effects of PO 2 during film deposition and postannealing temperature (T a ) on PL characteristics were investigated (Fig. 4) for the optimum x = 0.3. As shown in Fig. 4(a) , no PL was detected for the film deposited in vacuum, while the most intense PL was attained at PO 2 = 1 Pa. Then, PL intensity decreased with further increase in PO 2 > 1 Pa. To clarify these reasons, we performed optical analyses and TDS measurements. Optical absorption spectra in Fig. 4(c) show that the film deposited in vacuum exhibit strong subgap absorption (e.g., photon energies <3.5 eV), which would be induced by defects formed due to oxygen deficiencies 15) and these defects would enhance non-radiative recombination through energy transfer from excited electrons to the subgap states similar to Auger recombination. On the other hand, TDS spectra for O 2 [ Fig. 4(d)] show that higher PO 2 films exhibit higher density desorption of O 2 molecules, implying that higher PO 2 (>1 Pa) incorporate more excess/ weakly-bonded oxygen in the films and produces non-radiative recombination centers. 16) Consequently, the most intense PL is attained at PO 2 = 1 Pa.
As for the annealing effect, PL intensity increased with increasing T a at <400°C [Figs. 4(a) and 4(b) ]. The improvement in the PL intensity by higher T a annealing would be explained by several possible origins, e.g., (i) decrease in trap states by desorption of weakly-bonded or excess oxygen, (ii) decrease in free carriers by oxidization, and (iii) decrease in matrix purterbation owing to structural relaxation. On the other hand, at T a > 500°C, PL intensity decreased with increasing T a . It might be plausible that crystallization occurs by the high T a annealing and grain As the x = 0.5 sample was too resistive to measure Hall effect, the carrier concentration value indicates the maximum possible one estimated from the extrapolation of the Hall mobility (closed diamonds) and the measurement limit of our apparatus (10 8 ³ cm).
boundary defects deteriorated the PL. However, the thermal annealing up to T a = 700°C did not induce crystallization as seen in Fig. 4(f ) . Alternatively, it is reported that AOS films contain impurity hydrogen 17) and some hydrogen passivate defects. 18) On the other hand, the passivating hydrogen desorbs as H 2 O at ³400°C for a-InGaZnO, which deteriorates operation performance of a-InGaZnO thin-film transistors. 18) Also for the present a-IMO:Eu cases, desorption of H 2 O stops at ³500°C [Fig. 4(e) ], which corresponds well to T a where PL intensity starts decreasing [ Fig. 4(a) ]; therefore, we speculate that the high-T a deterioration of PL is caused by depletion of hydrogen and subsequent formation of recombination centers.
Summary
In this study, we succeeded in fabricating light emitting transparent thin films at room temperature by employing an amorphous oxide semiconductor (AOS) as a host material and a rare-earth ion as an activated center. Red PL centered at 615 nm was observed even from unannealed films deposited at room temperature. Post-deposition thermal annealing improved the PL intensity, and the optimum annealing temperature was found to be ³400°C, whose process temperature is significantly low compared to those of conventional thin film phosphors and is compatible with the current FPD technology using a large-size mother glass substrate. Since the AOS-based phosphor thin films can be fabricated even at low temperatures including room temperature, they can be applied to flexible devices using plastic substrates.
